Morphologic distinction between adrenal cortical and medullary tumors can be difficult. Previous studies have shown inhibin, melan-A, and BCL-2 to be useful markers for adrenal cortical tumors. We have recently observed a high level of calretinin expression in normal adrenal cortex but not the medulla and therefore evaluated its diagnostic application for adrenal tumors in comparison with inhibin, melan-A, and BCL-2. C-kit is a transmembrane tyrosine kinase receptor. Immunodetection of c-kit expression has been recently used for tumor diagnosis, and c-kit-positive tumors can potentially benefit from kit kinase inhibitor treatment. Although c-kit expression was reported in adrenal medulla and pheochromocytoma, it has not been evaluated in adrenal cortical tumors. In this study, 28 adrenal cortical tumors (12 carcinomas, 16 adenomas), 20 pheochromocytomas, and 20 extraadrenal paragangliomas were evaluated for calretinin, inhibin, melan-A, BCL-2, and c-kit expression by standard immunohistochemical assays on paraffin sections. The percentage of immunoreactivity in adrenal cortical tumors was as follows: calretinin, 96%; melan-A, 89%; inhibin, 92%; BCL-2, 20%; and c-kit, 5%. Normal adrenal medulla did not stain for c-kit but was positive for BCL-2. Eighty-six percent of pheochromocytomas stained for BCL-2 and none for calretinin, with the exception of the ganglioneuromatous areas in composite pheochromocytomas (n ‫؍‬ 5). Extraadrenal paragangliomas showed reactivity with calretinin in 25%, melan-A in 5%, inhibin in 16%, BCL-2 in 38%, and c-kit in 8% of the cases.
Morphologic distinction between adrenal cortical and medullary lesions can be difficult. Previous studies have shown inhibin ␣-subunit, melan-A, BCL-2, and lately calretinin to be useful as markers of adrenal cortical differentiation in tumor diagnosis (1) (2) (3) (4) (5) (6) ). In the current study, we accessed the value of these markers and examined the immunoreactivity for c-kit in tumors of adrenal origin to expand the knowledge of a useful panel of adrenal cortical markers. The selection and application of an immunohistochemical panel in the diagnosis of adrenocortical tumors is discussed.
Calretinin, a calcium-binding protein, was first discovered in neural tissue, later in mesothelium and ovarian sex-cord stromal tissue; it has been used as a marker for tumors of these origins (7) (8) (9) (10) (11) . High levels of calretinin have been observed recently in normal adrenal cortex but not in the medulla (unpublished observation). Recently, calretinin has been shown to be positive in 73% of adrenal cortical tumors (6) . In this study, we intended to determine whether calretinin was a more superior discriminator of adrenal cortical from medullary tumors than the previously defined adrenal markers such as inhibin, melan-A, and BCL-2.
C-kit (CD117), a transmembrane tyrosine kinase receptor, plays an important role in tyrosine phosphorylation of protein substrates, with subsequent activation of intracellular signaling cascades controlling cell proliferation, apoptosis, and differentiation (12) . Expression of c-kit is seen in a variety of normal human tissues, such as mast cells and intestinal Cajal cells and their corresponding neoplasms (13) (14) (15) . Recently, kit kinase inhibitors have been shown to have promising therapeutic effect on c-kit-expressing tumors (16) . Immunodetection of c-kit expression has become important in the diagnosis and treatment of these c-kit-expressing tumors. Previous studies have shown c-kit expression in adrenal medulla in animal and human tissue (13, 15) . Using an immunohistochemical assay on frozen tissue, Matsuda et al. (15) found c-kit immunoreactivity in the nuclei of the adrenal medulla and pheochromocytoma. However, c-kit has not been evaluated in adrenal cortical and medullary tumors in formalin-fixed, paraffinembedded tissue. We evaluated the immunoreactivity of calretinin, c-kit, inhibin, melan-A, and BCL-2 in a series of adrenal tumors and paraganglioma in routine surgical specimens.
MATERIALS AND METHODS
Paraffin blocks of 28 adrenal cortical tumors (12 carcinomas, 16 adenomas), 20 pheochromocytomas, and 20 extraadrenal paragangliomas were retrieved from the surgical pathology files at Hospital of the University of Pennsylvania. Immunohistochemical stains were performed on paraffin sections using antibodies against calretinin (poly- 
Fϩ:Ͻ10%, weak or strong intensity. 1ϩ:Ͼor ϭ 10% Ͻ25%, weak or strong intensity. 2ϩ:Ͼor ϭ 25% and Ͻ50%, weak or strong intensity; or Ͼor ϭ 50%, weak intensity. 3ϩ:Ͼ50%, strong intensity.
clonal, 1:25; Zymed, So. San Francisco, CA), inhibin ␣-subunit (clone R1, 1:25; Oxford Bio-Innovation, Oxfordshire, UK), melan-A (clone A103, 1:25; DAKO, Carpenteria, CA), BCL-2 (clone 124, 1:50; DAKO), and c-kit (polyclonal, 1:100, DAKO). Immunostains for calretinin, melan-A, and inhibin were performed with avidin-biotin peroxidase complex method on a Biotek autostainer (Techmate 1000; Ventana, Tucson, AZ), and c-kit and BCL-2 were performed with an Envision kit (DAKO) on a DAKO autostainer. Sections were pretreated in a microwave oven (1100 W) at 70% power for 8 minutes in 1ϫ citrate buffer at pH 6.0 (Lab Vision, Fremont, CA) for anti-calretinin, inhibin, and c-kit and in 1ϫ target retrieval solution (DAKO) for melan-A. Sections for BCL-2 immunostaining were steamed in 1ϫ citrate buffer at pH 6.0 (Lab Vision, Fremont, CA) at 95°C for 40 minutes in a Black and Decker Steamer. Antibody information is summarized in Table 1 . Tissue of mesothelioma, normal testis, melanoma, tonsil, and gastrointestinal stromal tumor were used for positive controls for calretinin, inhibin, melan-A, BCL-2, and c-kit, respectively. Primary antibody was substituted by normal mouse or rabbit serum in a section of each case as a negative control. Immunoreactivity was evaluated semiquantatively under light microscope and scored as negative, Fϩ (Ͻ10%, weak or strong intensity), 1ϩ (Ն10% and Ͻ25%, weak or strong intensity), 2ϩ (Ն25% and Ͻ50%, weak or strong intensity; or Ն50%, weak intensity) and 3ϩ (Ͼ50%, strong intensity) accordingly.
RESULTS
Adrenal cortical tumors showed cytoplasmic immunoreactivity in 96% of the cases for anticalretinin, 89% for anti-melan-A and 92% for antiinhibin, 20% for anti-BCL-2, and 5% for anti-c-kit. Immunoreactivity with anti-calretinin, antimelan-A, and anti-inhibin was identified in 92%, 75%, and 92% of adrenocortical carcinomas and 100%, 100%, and 93% of adenomas, respectively ( Table 2 ). Among the three adrenal cortical markers tested, calretinin immunoreactivity tended to be the most sensitive and more intense and diffuse in staining pattern than melan-A and inhibin (Fig. 1) . In addition to cytoplasmic staining, nuclear immunostaining was also seen frequently with calretinin and less frequently with melan-A immunostaining (Fig. 1) . Although carcinomas were slightly less immunoreactive than adenomas, no single adrenal cortical tumor was negative for all three markers or positive for only one marker. BCL-2 cytoplasmic immunoreactivity was detected only in three cases (30%) of adrenocortical carcinomas and 2 of 15 (13%) adrenocortical adenomas. C-kit immunoreactivity was detected in 1 of 9 (11%) adrenocortical carcinomas and 0 of 13 adrenocortical adenomas.
Pheochromocytomas were generally negative for calretinin, with the exception of the ganglioneuroma areas in composite pheochromocytomas (Fig.  2) , and were negative for inhibin. Focal to 1ϩ melan-A reactivity was present in two pheochromocytomas (11%). BCL-2 cytoplasmic immunoreactivity was detected in 12/14 (86%) pheochromocytomas (Fig. 3) . Focal c-kit immunoreactivity was detected in 2 (14%) of 14 pheochromocytomas. In extraadrenal paragangliomas, 5 of 20 cases (25%) were positive for calretinin (Fϩ to 2ϩ), 1 of 19 (5%) for melan-A (1ϩ), 3 of 19 (16%) for inhibin (Fϩ to 1ϩ), 5 of 13 (38%) for BCL-2 (1ϩ and 2ϩ), and 1 of 12 (8%) for c-kit (1ϩ) ( Table 1 ). All layers of the normal adrenal cortex, when present adjacent to the adrenal tumors, were variably positive for calretinin, melan-A, and inhibin without specific zonal staining pattern (Fig. 4) . BCL-2 immunoreactivity was present primarily in normal adrenal medulla and lymphocytes adjacent to or entrapped in the adrenal tumors (Fig. 3) . In contrast to the strong reactivity in the medulla, weak and rare granular cytoplasmic BCL-2 immunoreactivity was occasionally seen in the cortex. No c-kit immunoreactivity was detected in any normal adrenal cortex and medulla.
DISCUSSION
We have shown strong and frequent calretinin immunoreactivity in normal adrenal cortex and benign and malignant adrenocortical tumors. Previously, 50 -100% of adrenocortical carcinomas and 68 -100% of adrenocortical adenomas were found to be positive for melan-A, 73-100% and 86 -100% for inhibin, and 95% for BCL-2 (1-5). Most recently, Jorda et al. (6) also reported calretinin immunoreactivity in 73% of adrenocortical tumors they studied. In comparison to these previous studies, we have shown that 96%, 89%, 92%, and 20% of adrenocortical tumors were positive for calretinin, melan-A, inhibin, and BCL-2, respectively, with calretinin being the most sensitive of all in identifying adrenal cortical tumors. Although pheochromocytomas and paragangliomas are generally negative for calretinin, melan-A, and inhibin, we found calretinin immunoreactivity in the ganglioneuromatous areas of composite pheochromocytoma. Because of its known immunoreactivity in neural tissue, it is not surprising to find calretinin immunoreactivity in ganglioneuromatous areas of composite pheochromocytomas (7, 9) . One should be aware of these calretinin-positive ganglioneuromatous areas in composite pheochromocytoma in order to avoid interpreting them as evidence of adrenocortical tissue or tumor. Instead, calretinin can be used to confirm the presence of ganglioneuromatous areas in a composite pheochromocytoma while differentiating cortical cells from medullary cells in adrenal tumors.
BCL-2 was shown to be frequently positive in adrenocortical tumors and negative in medullary tissue and pheochromocytomas in a previous study (5) . In this study, BCL-2 immunoreactivity was validated by a mantle zone pattern of staining in tonsil tissue and the entrapped lymphocytes in tumor tissues as external and internal positive controls ( Figure 3) . However, BCL-2 immunoreactivity was detected focally in only 20% of the adrenal cortical tumors but more diffusely in 86% of pheochromocytomas and in adrenal medulla. Although the same monoclonal antibody was used in both studies, we have diluted the antibody at 1:50 and used a steamer for antigen retrieval. In contrast, the titer of the primary antibody was more concentrated (1: 20) , and the combined pressure cooker-microwave heating method for antigen retrieval was harsher on tissue in the study of Fogt et al. (5) . The discrepancy in BCL-2 immunoreactivity in adrenal tissue and tumors is not clear, but this likely is due to the different heating methods used for antigen retrieval. Studies by other methodologies such as absorption, Western blotting, and molecular techniques are needed to further investigate BCL-2 expression in adrenal tissues and tumors.
Both pheochromocytoma and adrenocortical tumor can express certain neuroendocrine markers such as synaptophysin and neuron-specific enolase but not chromogranin, which is characteristically positive in pheochromocytoma but negative in adrenocortical tumors (17, 18) . Although pheochromocytoma can be differentiated from adrenocortical tumors by chromogranin positivity, in the differential diagnosis of an adrenocortical tumor versus medullary tumor, one can apply at least one of the adrenocortical markers to confirm the cortical origin of the tumor in addition to chromogranin, which can only be used to exclude but not confirm an adrenocortical origin. Although calretinin, melan-A, and inhibin are highly sensitive and specific in differentiating adrenal cortical tumors from medullary tumors, none are highly specific for adrenal cortical tumors. Melan-A and inhibin both are known to be positive in a number of nonadrenal tumors, such as melanomas and angiomyolipomas (melan-A) and ovarian epithelial and sex-cord stromal tumors (melan-A and inhibin; 19 -25) . Similarly, calretinin immunoreactivity is also seen in a few extraadrenal tumors such as mesotheliomas, ovarian sex-cord stromal tumors, and some neural tumors (8, 10, 11, 21) . Different from adrenocortical tumors, the above extraadrenal tumors are also known to coexpress other markers such as S100 in melanoma and other neural tumors, HMB45 in melanoma and angiomyolipoma, actin in angiomyolipoma, cytokeratin in mesothelial or epithelial tumor, and CD99 in sex-cord stromal tumor of the gonads (8, 21, 22, 24, 25) . Both sex-cord stromal tissue and adrenal cortical tissue are steroidogenic (26) . It is of great interest that tumors arising from the steroidogenic adrenal cortex and sex-cord stroma of the gonads express inhibin, melan-A, and calretinin. Different from adrenocortical tumors, however, ovarian sex-cord stromal tumors are also positive for CD99 that is not known in adrenal cortical tumors (24, 25) .
The adrenal medulla belongs to the synthetic nerve system and is the site for catecholamine production. There have been few markers specific for the adrenal medulla and its tumors on paraffin section. Although c-kit expression was reported in normal adrenal medulla and pheochromocytoma in previous studies, we could not detect any c-kit immunoreactivity in normal adrenal medulla and pheochromocytomas on paraffin sections. No c-kit immunoreactivity was identified in any of the paragangliomas or adrenocortical tumors.
In summary, in addition to normal adrenal cortex, calretinin is also most frequently expressed in both benign and malignant adrenocortical tumors among all the adrenal markers tested. It is sensitive and specific in differentiating tumors of adrenocortical origin from those of adrenal medullary origin and is useful in the diagnosis of composite pheochromocytoma. In addition to being more frequent, calretinin staining tends to be more intensive and diffuse than do inhibin and melan-A in adrenocortical tumors. Calretinin appears to be superior to inhibin and melan-A in the diagnosis of adrenocortical tumor when tissue heterogeneity becomes an issue in small tissue sampling and a more costeffective panel is desirable. In addition to the above adrenal markers, the antibody panel should always include other relevant non-adrenocortical markers, depending on the scope of the differential diagnosis, to improve the specificity of the immunohistochemical workup. BCL-2 should not be used for differential diagnosis of an adrenal tumor on paraffin section until further studies are performed to clarify the site of its expression in adrenal tumors. C-kit is not a useful marker for adrenal medulla and its tumors. Because of the low frequency of c-kit expression, kit kinase inhibitors may have a limited therapeutic role in adrenal cortical and medullary tumors as well as in extraadrenal paraganglioma.
